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Abstract— To pursue a move towards sustainability in electronics manufacturing, recently we
presented a biodegradable printed circuit board (PCB) alternative substrate, where polylactic-acid (PLA)
and flax-textile reinforcement forms a composite with flame retardancy. The novel PLA/Flax substrate is
capable of being a core material for double-sided PCB designs. This paper investigates into the low-
frequency (1 Hz - 500 kHz) dielectric capabilities of the substrates with Omicron Dirana dielectric
spectrometer and Wayne-Kerr 6430A impedance analyzer. For the experimental, two generations of one-
sided substrates were measured, where the top side was covered with 35 pm Cu layer with PLA foil and
polypropylene (PP) foil (A and B groups consequentially) serving as bonding layer between the composite
and the Cu. It was found that The PLA/Flax substrates have high permittivity values at low frequencies,
while at high frequencies, the permittivity is lower than that of the most commonly used FR4. Moreover,
the additional PP layer caused a further increase in the relative permittivity. The tan & of PLA/PLA samples
was higher over the investigated frequency range. This high value of relative permittivity and dielectric
loss at low frequency is connected to interfacial polarization originated from the structure of PLA/Flax
samples. A local peak of tan 6 was observed at 500 Hz on PLA/Flax samples indicating the presence of
orientation polarization.

Keywords— sustainable electronics, biodegradable PCBs, low-frequency dielectric tests, electric
insulation

I. INTRODUCTION

Electronic devices are essential in everyday life, and demand is ever-increasing. Most electronic devices
will become hazardous e-waste after a while, and the amount of this waste is projected to increase by 2
million tonnes annually [1]. A possible aspect of helping the electronics industry to turn to more sustainable
solutions is to reduce the load on the environment and focus on novel, more environmentally friendly
materials. Recently, it was shown that 70 wt% of the WPCB (waste printed circuit board) can be calculated
from the glass fibre reinforced epoxy composites [2], so it is logical to aim at this value. This is a significant
ratio in terms of PCBA (printed circuit board assembly) waste, and an aspect worth investigating and
pursuing in advancing of the field.

Various experiments and materials were presented in the recent years ranging from green
microelectronics [3] to devices realized with additive technologies on green substrates (e.g. paper) [4],
however according to Soon [5], the terms of “green electronics”, “biodegradable electronic devices” can
reach generally to two or three ranges higher than “biodegradable PCBs” from the aspect of literature
keywords (quantitatively). The topic is still underrepresented, despite the research of different laboratories
and research groups around the world. As for possible bio-sourced and degradable reinforcement materials,
jute textile [6], hemp and sisal [7], banana fiber-based reinforcement [8], and flax were added to typically

PLA (polylactic-acid) based resins, where PLA is a general occurrence as a resin in the composites
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[9,10,11]. Recently, vitrimers were also applied in compositing sustainable PCBs [12], also compostable
PVA and regular components were applied in an early demonstrator of a computer mouse [13].

As a lack in the findings, we can conclude, that most studies do not present flame retardancy and
reinforcement, or the combination of these two. We improved upon our previous studies in the last decade
by adding flame retardancy and bio-based reinforcement [14,15,16] to a novel substrate composite with the
help of Meshining (Hungary). We focused on changing the classical FR4 (Flame retardant Class 4)
substrate to polylactic acid (PLA)-based ones with natural (and enhanced) flax-fiber reinforcement. The
performance of the new core is compatible with current subtractive PCB fabrication and classical surface
mounting technologies (SMT). At the early stage of the research we were able to produce working Arduino
Nano demonstrators [17], highlighting the competence and the complexity of the new substrate. An

example of an assembled demonstrator is shown in Figure 1, where the smallest component pitch is ~0.5

Fig. 1. Early demonstrator (Arduino Nano Rev 3.2 design on PLA/Flax circuits)

In this paper we do not aim for similar use cases, but focus on basic investigation of the substrate core.
We present the results of low-frequency dielectric characterization of the substrate, and a general overview
on the performance as a dielectric material. This is extending our knowledge on early high-frequency tests
[18], which showed promising aspects of our environmentally friendly structure.

II. EXPERIMENTAL
A. Boards (devices under test)

The boards were prepared according to two groups. Both groups has the same core materials, with four
layers of reinforcement and PLA as the resin in the composite structure — all handled with flame retardancy.

Group A is consisting of a one-sided, 1.55 mm thick board, which has a 35 pm Cu layer (HTE-ED-
copper, electrodeposited, [PC-4562-compliant, from MSC Polymer, Germany) laminated on top with PLA
foil acting as a bonding layer between the core and the conductor. Group B has additional polypropylene
(PP) layer for improving adhesion with the same initial conditions.

The two board types (and the common cores) are the same like presented in the recent papers. [15,16,17]
We have used FR4-type laminates (Flame Retard Type-4, 1.45 mm thick, as close to the PLA/Flax boards

as possible) as references, with the same copper conductor applied to the surface.
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B. Experimental apparatus and methodology

In the experimental methodology, we focused on measuring the dielectric parameters with low-
frequency measurements (1 Hz...500 kHz) to reveal the electric insulation capability of the material. Below
5 kHz, the measurements were carried out by an Omicron Dirana dielectric spectrometer, while a Wayne-
Kerr 6430A impedance analyzer was used at higher frequencies. The measurement voltages below and
above 5 kHz were 100 V and 5 V, respectively. A guarded, circular electrode system with 10 cm? was
applied. The equipment measured the capacitance and the tan o values, and then the real part of permittivity
values were calculated based on the size of the electrode system.

The ambiance during the measurements were kept at an air-conditioning controlled 20°C, which was
supervised during the storage around the experiments and the measurement of the devices. The samples
were stored in laboratory ambiance beforehand.

Figure 2 shows the setup for the measurements.
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Fig.2. Measurement setup with an analyser
I1I. RESULTS AND DISCUSSION

The real part of permittivity measurement can be seen in Fig. 3. As Fig. 3 shows, both PLA samples
(Groups A and B) have higher real part permittivities. According to dielectric theory, the real part of
permittivity increases with a decrease in frequency. Both curves have a knee point of around 1 kHz.
However, it is not seen very sharply. Nevertheless, the Group A sample curves have another knee below
10 Hz.

The real part permittivity of Group A samples above 500 Hz is lower than that of FR4 samples. The FR
4 samples' permittivity is around 5, at 500 kHz, while this parameter of Group A samples drops to around
2.5 which is almost the same value measured in [18]. The permittivity of Group B samples also decreases
with frequency; however, their permittivity is higher than that of Group A samples in the whole frequency
range. because this additional component can fill the cavities inside the Group B samples, increasing their
permittivity. The value of the real part of the permittivity of Group B samples decreases to around 4.62 at
500 kHz. This value is also lower than the permittivity of the FR4 samples. Nevertheless, the aspect of the
frequency dependence of permittivity in case of FR4 samples, is almost negligible in the whole frequency

range.
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Fig.3. The real part of permittivity vs. frequency.

The real permittivity values at some selected frequencies are summarised in Table I.

TABLE L REAL PART OF PERMITTIVITIES AT SELECTED FREQUENCIES

Real part of permittivities of different
samples
freq.
FR4 | FR4
Al | A2 | Bl | B2
1 2
10 26.7 | 25. | 46.0 | 43.9
5.30 | 5.09
mHz 2 10 6 7
4.6
1 kHz | 4.67 0 945 | 9.62 | 525 | 497
500 2.5
2.50 4.62 | 4.62 | 505 | 4.69
kHz 0

The PLA/Flax substrates have the highest permittivity values at low frequencies, while at high
frequencies, the permittivity is lower than that of the most commonly used FR4. The material structure of
the new biodegradable PLA substrate can explain this since samples were prepared using more components:
two (Group A) or three (Group B) different materials were used. Hence, these samples can be considered
a layered structure; therefore, it is suggested, that intensive Maxwell-Wagner (MW) polarization appears
in them. The MW polarization is typical at low frequencies [19]. The low value of high-frequency
permittivity can be due to the porous structure of the PLA samples, and cavities can exist inside the structure
of samples, which will result in lower permittivity values.

Nevertheless, more investigation is required to reveal the root of this behaviour. The frequency
dependence can be easily quantified by calculating the ratio of low- and high-frequency permittivities
relative to a permittivity measured at a medium frequency. Table II. shows the ratios of 1 Hz and 500 kHz

¢’ values to 1 kHz permittivities. The ratio of ¢” at 1 Hz to €” at 500 kHz was also calculated to characterize
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the change of ¢’ in the whole frequency range. Table II data shows the real part of permittivity change in
the whole frequency range, which is lower than 10% for FR4 samples, 5% for FR4 1 and 9% for FR4 2
samples. In contrast, this ratio is around 10 for Group A and B samples. Since the 500 kHz/1 kHz and 1
Hz/1 kHz epsilon ratios of Group A samples are more significant than those of Group B samples, it can be
concluded that the frequency dependence of Group A samples is the highest also for lower and higher
frequency ranges. Nevertheless, the high-frequency real permittivity value of Group B samples is almost
twice that of the Group A sample because of the PP layer, as discussed above.

TABLEII. THE RATIONS OF REAL PART OF PERMITTIVITIES AT VARIOUS FREQUENCIES

Ratio of €” values at selected
freq. frequencies
ratios FR4 | FR
Al | A2 | Bl | B2
1 42
1 Hz 5.4 1.0
5.72 487 | 457 | 1.01
/1kHz 6 2
500
kHz 0.5 0.9
0.54 0.49 | 0.48 | 0.96
/1 4 4
kHz
1 Hz
10.6 | 10. 1.0
/500 998 | 9.51 | 1.05
7 05 9
kHz

Fig. 4 shows the results of tan & measurement of samples. The results show that both groups of PLA
samples have a greater tan delta than the FR 4 samples. Although the PLA samples' tan delta decreases
with frequency, the FR4 samples' loss factor has a minimum value at 40 Hz; below and above this
frequency, the tan o increases. Nevertheless, the loss factor curve of FR 4 samples is flatter than the PLA
samples' curves in the whole frequency range, hence the change of tan 9 is significantly lower. Due to their
layered structure, the loss factor of the PLA Group A and Group B samples is significantly higher than that
of the FR4 samples tensive in the Hz range, which is a typical range of Maxwell-Wagner polarization.
Therefore, the high low-frequency loss factor results from using different components (PLA, Flax and PP)

for sample preparation.
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Fig.4. Tan J vs. frequency.

From the lowest frequencies, both PLA samples' tan delta gradually decreases, but a local peak can be
observed in the case of Group A samples. This local tan & peak at 500 Hz can be explained by the orientation
polarization due to the polar molecules. The results show comparing to the convenient glass fibre reinforced
epoxy composites the PLA composites has also higher dielectric constant and higher loss factor, especially
at low frequencies, with strong frequency dependence.

Based on the results of dielectric measurements, the additional polypropylene layer slightly impairs the
dielectric properties of the PLA substrate, namely increasing its relative permittivity and loss factor over a
characteristic frequency range.

The current results are in alignment with higher frequency measurements presented in [15, 18].

IV. CONCLUSIONS

In this paper we have investigated two different groups of PLA/Flax composites serving as reinforced,
flame-retarded substrates for PCB application, from the aspect of dielectric performance in the lower
frequency regime. We have also used FR4-based substrates, as references.

The PLA/Flax substrates have high permittivity values at low frequencies, while at high frequencies, the
permittivity is lower than that of the most commonly used FR4. Moreover, the additional PP layer caused
a further increase in the relative permittivity. The tan 6 of PLA/Flax samples was higher over the
investigated frequency range. In the low frequency range, tan 6 of the PLA/Flax samples was the highest.
Moreover, the PP layer caused an additional increase of an order of magnitude in its value. This high value
of relative permittivity and dielectric loss at low frequency is caused by interfacial polarization, which the
structure of the PLA/Flax samples can explain.

A local peak of tan 6 was observed at 500 Hz on PLA/Flax samples indicating the presence of orientation
polarisation. This peak is overlapped by the extra loss caused by the PP layer on samples with an additional
PP layer.

In the future, different substrates for bonding layer application between the copper and the core material

has to be investigated, in order to find an appropriate optimum for the applied materials. Also, the values
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seem to limit the applicability of the bio-based, sustainable materials, however low-power applications,
commercial, or electronics used in lower demand environments can still strongly benefit from the
application of the bio-based substrate. New, impregnated and redesigned generations of materials are
already in the measurement pipeline, so our future works will incorporate improvements upon the current
results.

The characterization of similar substrates just started recently, and other more environmentally-friendly
substrates, such as paper-based electronics will need in-depth analysis to have a thorough comparison
between the future possible alternatives of FR4.
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